pensatory hyperhidrosis, and residual flushing as well as deaths in the individuals undergoing the procedure for intractable angina (32) . These complications severely limit patient satisfaction with the procedure. However, targeted ablation of cardiac sympathetic neurons may reduce the incidence of these complications as well as maintain afferent function.
Saporin (SAP) is a ribosomal inactivating protein that binds to and inactivates ribosomes, disabling the cell's protein synthetic machinery and causing the cell to die over a period of hours to days through apoptotic mechanisms (2, 25, 30) . SAP can be linked to molecules that allow targeting of the toxin to a precisely defined population of cells (19) . For example, SAP can be linked to retrogradely transported molecules like cholera toxin B subunit (CTB) that binds to specific membrane components that are differentially expressed on nerve cells. This provides a means for targeting SAP to a subset of neurons that could not previously be selectively ablated. Specifically, SAP conjugated to CTB, which binds to GM1 gangliosides located in the plasma membranes of sympathetic preganglionic neurons (SPNs), could be used to ablate SPNs by injecting the compound in the stellate ganglia.
Therefore, we tested the hypothesis that bilateral stellate ganglia injection of SAP conjugated to CTB reduces resting cardiac sympathetic activity (cardiac sympathetic tonus), exercise-induced sympathetic activity (heart rate responses to graded exercise), and reflex sympathetic activity [heart rate responses to graded doses of sodium nitroprusside (SNP)]. To test this hypothesis, 18 adult Sprague-Dawley male rats were randomly divided into the following three groups (n ϭ 6/group): 1) control (no injection), 2) bilateral stellate ganglia injection of unconjugated CTB and 3) bilateral stellate ganglia injection of cholera toxin B conjugated to SAP (CTB-SAP). Specifically, we injected CTB-SAP bilaterally in the stellate ganglia and compared its physiological and neurotoxic effects on cardiac sympathetic neurons with that of unconjugated CTB and no stellate injections. We studied conscious, chronically instrumented rats to negate the confounding effects of anesthetic agents and surgical trauma.
MATERIALS AND METHODS

Surgical Procedures
Experimental procedures and protocols were reviewed and approved by the Animal Care and Use Committee of Wayne State University and complied with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (14) . Eighteen adult Sprague-Dawley male rats were randomly divided into the following groups (n ϭ 6/group): 1) control (no injection), 2) bilateral stellate ganglia injection of CTB, and 3) bilateral stellate ganglia injection of CTB-SAP.
All surgical procedures were performed using aseptic surgical techniques. Rats were anesthetized with pentobarbital sodium (50 mg/kg ip), atropinized (0.05 mg/kg ip), intubated, and prepared for aseptic surgery. Supplemental doses of pentobarbital sodium (10 -20 mg/kg ip) were administered if the rat regained the blink reflex or responded during the surgical procedures.
Radiotelemetry implantation. After anesthesia was induced, a telemetry device (pressure, temperature, and electrocardiogram; Data Sciences International PhysioTel C50-PXT) was implanted in all rats as previously described (7, 33) , and a catheter was placed in the intraperitoneal space for the infusion of fluids and drugs. Specifically, the transmitter body, which contains the thermistor, and the intraperitoneal catheter were placed in the intraperitoneal space through a ventral abdominal approach. The catheter was exteriorized on the dorsal aspect of the neck. The pressure sensor of the telemetry device, located within the tip of a catheter, was inserted in the descending aorta for continuous, nontethered recording of pulsatile arterial blood pressure. The electrical leads from the telemetry device were placed in a modified lead II configuration by placing the negative electrode slightly to the right of the manubrium and the positive electrode at the anterior axillary line along the fifth intercostal space. A minimum of 1 wk was allowed for recovery and for the animals to regain their presurgical weight. During the recovery period, the rats were handled, weighed, and acclimatized to the laboratory, treadmill, and investigators.
Stellate ganglia injections. After the recovery period, the animals were anesthetized as described above, and the stellate ganglia were approached (one at a time) via a ventral thoracotomy through the first intercostal space. Specifically, a 2-cm midline incision was made, and the left and subsequently the right pectoral and intercostal muscles were partially dissected (ϳ5 mm) between the first and second rib to obtain access to the left and subsequently the right stellate ganglion (RSG), which are localized dorsal to the subclavian artery and vein. CTB (4 l, 1 mg CTB dissolved in 200 l of distilled water) or 4 l of CTB conjugated with SAP (2.5 mg/ml) were mixed with 1 l of 3% Evan's blue dye. The purpose of the Evan's blue dye was to visualize the injectate (CTB and SAP are colorless) assuring localization within the ganglia. All injections were confined within the stellate ganglia. The CTB/Evan's blue dye or CTB-SAP/Evan's blue dye solutions were mineral oil pressure-injected in the right and left stellate ganglia using a glass micropipette. A minimum of 1 wk was allowed for recovery and for the animals to regain their presurgical weight.
Experimental Procedures
Resting cardiac sympathetic activity (cardiac sympathetic tonus). After the recovery period, conscious, unrestrained rats were studied in their home cages (ϳ13,350 cm 3 ) for all experiments. On the day of the experiment, rats were brought in the laboratory and allowed to adapt to the environment for ϳ1 h to ensure stable hemodynamic conditions. After the stabilization period, beat-by-beat, steady-state hemodynamic variables were recorded over 10 -15 s. Subsequently, the heart rate and arterial pressure responses to cardiac autonomic sympathetic and parasympathetic blockade (␤1-adrenergic and muscarinic-cholinergic receptor blockade) were determined. Drug doses for the sympathetic and parasympathetic antagonists were calculated relative to the animal's body weight on each experimental day. Cardiac muscarinic-cholinergic receptor blockade was achieved by infusion of the nonspecific muscarinic-cholinergic receptor antagonist atropine methyl bromide [methylatropine (MA) 3 mg/kg] through the intraperitoneal catheter. Because the heart rate response to MA reached its peak in 10 -15 min, this time interval was standardized before the heart rate measurement. Cardiac ␤1-adrenergic receptor blockade was achieved by infusion of the specific ␤1-adrenergic receptor antagonist metoprolol (MT, 10 mg/kg) in the intraperitoneal catheter. MT was infused 15 min after MA, and again the heart rate response was measured after 15 min. The entire data collection took ϳ2 h. At the end of the experiment, the rats were returned to their housing facilities. Sympathetic tonus was calculated as HRM Ϫ HRI, where HR M is heart rate after muscarinic-cholinergic receptor blockade and HR I is heart rate after ␤1-adrenergic receptor blockade.
Reflex sympathetic activity. On an alternate day (at least 48 h apart), the rats were brought in the laboratory and allowed to adapt to the environment for ϳ1 h to ensure stable hemodynamic conditions. After the stabilization period, beat-by-beat, steady-state hemodynamic variables were recorded over 10 -15 s. Subsequently, four doses (0.05, 0.20, 0.50, and 0.80 mg/kg) of SNP (in random order) were injected through the intraperitoneal catheter. At least 10 -15 min were allowed between doses to allow hemodynamic parameters to return to baseline levels. The mean peak changes in mean arterial pressure and heart rate in response to bolus injections of SNP were measured. The entire data collection took ϳ2 h. The total volume delivered was ϳ2 ml.
Exercise-induced sympathetic activity. On an alternate day (at least 48 h apart), the rats were brought in the laboratory and allowed to adapt to the environment for ϳ1 h to ensure stable hemodynamic conditions. After the stabilization period, beat-by-beat, steady-state hemodynamic variables were recorded over 10 -15 s. Subsequently, each rat ran continuously, without aversive stimuli on a motorized treadmill at 5, 10, 15, and 20 m/min on a 10% grade for ϳ3 min at each workload. The steady-state arterial pressure and heart rate responses were recorded during the 3rd min at workloads 5-15 m/min. However, all animals required gentle coaxing, (i.e., tapping on the hindquarters) during the highest workload. When rats failed to complete the entire 3 min at the highest workload, data were recorded at the point when the rats resisted the coaxing. By using these relatively low workloads with no aversive stimuli and providing training sessions, we feel we are truly studying a response to exercise rather than a response to stress. A cross-over design, resting, reflex, and exercise protocols, was used to prevent an order effect.
Perfusion, tissue processing, and immunocytochemistry. After completion of the studies (ϳ3 wk), the rats were deeply anesthetized with pentobarbital sodium (100 mg/kg), injected with heparin (1,000 IU), and flushed transcardially with oxygenated tissue culture medium (catalogue no. D-8900; Sigma, St. Louis, MO). Perfusions were done with 4% formaldehyde in 0.1 M phosphate buffer, pH 7.4. Rats were perfused transcardially with 500 ml of tissue culture medium and then 1 liter of fixative. Spinal cords and stellate ganglia from all rats were removed and postfixed intact in formaldehyde for 3 days at room temperature on a shaker. After postfixation, the thoracic spinal cords segments (T 1-T4) were removed. The rostral edge of each dorsal root entry zone was taken as the rostral boundary for each segment. Blocks of thoracic segments T1-T4 were obtained because SPNs projecting to the stellate ganglia are concentrated in these segments (44) . Spinal cords and ganglia were cryoprotected in increasing concentrations of sucrose (10, 20 , and 30%), embedded in optimal-cutting temperature, and sectioned on a cryostat.
The stellate ganglia and dorsal root ganglia (T1-T4) were sectioned at 10-m intervals and stained with cresyl violet. The cardiac sympathetic postganglionic cell bodies, on every 16th section, were counted and measured with the aid of a ϫ40 objective and MicroBrightField Neurolucida software interfaced with a BH-2 Olympus microscope. Only neurons with distinct, prominent nucleoli were counted. Based on a study by Jones (15) , no correction for split nucleoli is necessary in 10-m sections.
The spinal cords blocks (T1-T4) were sectioned horizontally at 10-m intervals. The sections were rinsed three times (10 min each) in Tris phosphate-buffered saline (pH 7.4) with 0.05% thimerosal (TPBS) and then blocked in 10% heat-inactivated normal horse serum (NHS; Invitrogen) in TPBS for 1 h. Sections were incubated overnight at 4°C in goat anti-CTB antiserum (1:10,000; List Biologicals) in TPBS containing 5% NHS. After being rinsed three times (10 min each), sections were incubated with biotinylated donkey anti-goat antiserum (1:500; Jackson Laboratories) in TPBS with 5% NHS for 2 h at room temperature. After being rinsed, sections were incubated with Avidin-Biotin Complex (ABC Elite kit; Vector Laboratories) according to the manufacturer's instructions. CTB-immunoreactive SPNs were revealed by a nickel-intensified diaminobenzidine reaction. Neuronal cell bodies, which appeared black, were counted and measured in every 10th spinal cord section.
Data analysis. All recordings were sampled at 2 kHz, and the data were expressed as means Ϯ SE. All data were the average of every beat during the last 10 -15 s of the period. A one-factor ANOVA with post hoc Holm-Sidak method was used to compare sympathetic tonus and resting mean arterial pressure and heart rate in the control, CTB, and CTB-SAP groups ( Fig. 1 and Table 1) . A two-factor ANOVA with repeated measures on one factor was used to compare mean arterial blood pressure and heart rate at rest and during exercise in the control, CTB, and CTB-SAP groups (Fig. 2) . A two-factor ANOVA with post hoc Holm-Sidak method was used to compare the change in mean arterial pressure and heart rate in response to SNP in the three groups (Fig. 3) . Finally, a Student's paired t-test was used to compare neuronal number and soma area between the CTB and CTB-SAP groups (Figs. 4 and 5) .
RESULTS
Resting arterial pressure and heart rate on the three experimental days were averaged for each group and presented in Table 1 . Mean arterial pressure was not different between the control, CTB, and CTB-SAP groups. Similarly, heart rate was not different between the control and CTB groups. However, heart rate was significantly lower in the CTB-SAP group compared with the control and CTB groups. Figure 1 presents cardiac sympathetic tonus in the control, CTB, and CTB-SAP groups. There were no differences in sympathetic tonus between the control and CTB groups (79 Ϯ 6 vs. 78 Ϯ 9 beats/min, respectively). However, sympathetic tonus was significantly lower in the CTB-SAP group (24 Ϯ 3 beats/min), indirectly documenting a lower level of cardiac sympathetic activity at rest. Figure 2 presents exercise-induced sympathetic activity [i.e., mean arterial pressure (A) and heart rate (B)] at rest and during graded treadmill exercise (5, 10, 15 and 20 m/min) in the control, CTB, and CTB-SAP groups. There were no differences in mean arterial pressure during graded exercise between the three groups. However, the heart rate response to graded exercise was significantly lower in the CTB-SAP group compared with the control and CTB groups. Rats ran without aversive stimuli; however, all animals required gentle coaxing (i.e., tapping on the hindquarters) during the highest workload. When rats failed to complete the entire 3 min at the highest workload, data were recorded at the point when the rats resisted the coaxing. The average running duration during the highest workload was 2.3 Ϯ 0.3, 1.0 Ϯ 0.3, and 1.8 Ϯ 0.5 min for the Control, CTB, and CTB-SAP groups, respectively.
Figure 3 presents reflex sympathetic activity [i.e., the mean arterial pressure and heart rate responses to increasing doses of SNP (0.05, 0.20, 0.50, and 0.80 mg/kg)] in the control, CTB, Fig. 1 . Resting cardiac sympathetic activity (i.e., cardiac sympathetic tonus) in the control group, group with bilateral stellate ganglia injection of unconjugated cholera toxin B (CTB), and group with bilateral stellate ganglia injection of cholera toxin B conjugated to saporin (CTB-SAP). There was no difference in sympathetic tonus between the control and CTB group. However, sympathetic tonus was significantly lower in the CTB-SAP group. *P Ͻ 0.05, CTB-SAP vs. control and CTB. Fig. 2 . Exercise-induced sympathetic activity [i.e., mean arterial pressure (A) and heart rate (B)] at rest and during graded treadmill exercise (5, 10, 15 and 20 m/min) in the control, CTB, and CTB-SAP groups. There were no differences in mean arterial pressure during graded exercise between the three groups. Similarly, there was no difference in the heart rate response during graded exercise between the control and CTB group; however, the heart rate response was significantly lower in the CTB-SAP group. bpm, Beats/min. *P Ͻ 0.05, CTB-SAP vs. control and CTB. Values are means Ϯ SE. CTB, bilateral stellate ganglia injection of unconjugated cholera toxin B; CTB-SAP, bilateral stellate ganglia injection of CTB conjugated to saporin; MAP, mean arterial pressure; HR, heart rate. P Յ 0.05, CTB vs. CTB-SAP (*) and control vs. CTB-SAP ( †).
and CTB-SAP groups. There were no differences in the mean arterial pressure response to SNP between the three groups. Furthermore, the reflex increase in heart rate was not different between the control and CTB groups; however, the reflex heart rate response was significantly lower in the CTB-SAP group compared with the control and CTB groups. Figure 4 presents neuronal number (A), soma area (B), and cresyl violet-stained stellate neurons (C) from rats that had CTB or CTB-SAP injected in both stellate ganglia. Counts of stellate neurons in the CTB-SAP group showed a significant reduction in the number of neurons compared with the CTB group (1,051 Ϯ 713 vs. 10,463 Ϯ 222, respectively). These results are consistent with Fig. 4C showing many stellate neurons in the CTB group and few neurons in the CTB-SAP group. However, of the 700 neurons analyzed, the soma area (Fig. 4B) Figure 5 presents neuronal number (A), soma area (B), and CTB-immunoreactive neurons of the T 1 -T 4 spinal cord (C) from rats that had CTB or CTB-SAP injected in both stellate ganglia. A similar number of CTB-immunoreactive SPNs were found on both sides of the intermediolateral cell column of the T 1 -T 4 spinal cord (Fig. 5, A and C) . However, virtually all of the CTB-immunoreactive SPNs were eliminated in the CTB-SAP group (Fig. 5, A and C) . Similarly, mean soma size of SPNs was decreased (Ϫ85%) in the CTB-SAP group compared with the CTB group (Fig. 5B) . Control slides (without primary antibody) did not have labeled cells.
DISCUSSION
In this study, we tested the hypothesis that bilateral stellate ganglia injection of SAP reduces resting cardiac sympathetic activity (cardiac sympathetic tonus), exercise-induced sympathetic activity (heart rate responses to graded exercise), and reflex sympathetic activity (heart rate responses to graded doses of SNP). The major findings of this study include: 1) CTB-SAP rats had reduced cardiac sympathetic tonus (Fig. 1) , reduced heart rate responses to graded exercise (Fig. 2) , and reduced reflex heart rate responses to SNP (Fig.  3) and 2) associated with the reduced resting, exerciseinduced and reflex-induced sympathetic activity was a reduction in the number and/or area of stellate postganglionic neurons and cardiac SPNs (Figs. 4 and 5) .
It is important to note that the measures of sympathetic tonus provide only an indirect indication of resting cardiac sympathetic activity. However, sympathetic tonus represents the effect of the sympathetic nervous system on the heart without the influence of the opposing limb (parasympathetic) of the Fig. 4 . Neuronal number (A), soma area (B) and cresyl violet-stained neurons (C) of the stellate ganglia from rats that had CTB or CTB-SAP injected in both stellate ganglia. Counts of stellate neurons in the CTB-SAP group showed a significant reduction in the number of neurons compared with the CTB group (A). These results are consistent with C showing many stellate neurons in the CTB group and few neurons in the CTB-SAP group. However, mean soma area (B) was not different between the two groups. Scale bar ϭ 15 m. *P Ͻ 0.05, CTB vs. CTB-SAP. Fig. 3 . Reflex sympathetic activity [i.e., the mean arterial pressure and heart rate responses to increasing doses of sodium nitroprusside (0.05, 0.20, 0.50, and 0.80 mg/kg)] in the control, CTB, and CTB-SAP groups. There were no differences in the mean arterial pressure and heart rate responses to graded doses of sodium nitroprusside between the control and CTB groups. However, the reflex heart rate responses to sodium nitroprusside were significantly lower in the CTB-SAP group. *P Ͻ 0.05, CTB-SAP vs. control and CTB. autonomic nervous system. By using sympathetic tonus, investigators are also able to account for the difference in intrinsic heart rate. Finally, the heart rate responses to autonomic blockers (using procedures identical to the procedures used in this study) are significantly associated with heart rate at rest, during exercise, and after exercise (4, 5) .
We performed bilateral stellate injections in this study. It has been known for decades that the sympathetic control of heart rate is primary exerted by the RSG (31, 38) . Accordingly, cardiac sympathetic tonus, the reflex heart rate response to reductions in arterial pressure induced by SNP, and the heart rate responses during graded dynamic exercise were lower in CTB-SAP rats. This is an important consideration because several long-term cohort studies have found resting heart rate to be a risk factor for mortality from coronary heart disease, cardiovascular diseases, cancer, or all causes (8, 10 -13, 16, 28, 45, 46) . Specifically, high heart rates predict cardiovascular morbidity and mortality in the healthy population, in hypertensive patients, and in those with coronary heart disease or heart failure (1). Thus selectively reducing heart rate may reduce mortality and cardiovascular events. However, this theory requires additional investigation because existing agents that lower heart rate [with the exception of ivabradine, a pacemaker current, I(f), or "funny" channel inhibitor], such as ␤-adrenergic receptor antagonists and nondihydropyridine calcium chan- nel blockers, have other cardiovascular actions that confound the conclusions (9, 49) .
It has also been known for decades that the left stellate ganglion (LSG) is primarily responsible for ventricular arrhythmic events (38, 39, 41) . The response to ischemia is complex and involves the cardio-cardiac sympathetic reflex with the efferent limb mainly through the RSG and the afferent limb mainly through left afferent fibers (21) (22) (23) . Specifically, cardiac sympathetic afferents are excited by ischemia and elicit a cardio-cardiac sympathetic reflex (3, 22) that plays a major role in the genesis of ventricular arrhythmias (35) . The cardiocardiac sympathetic reflex, in addition to mediating cardiac sympathoexcitation, inhibits cardiac vagal efferent activity (20, 26) . Left sympathectomy reduces the influence of the cardiocardiac sympathetic reflex and protects the heart during ischemia. However, very high heart rates may overcome the protective effects of removal of the LSG (39) . For these reasons, we studied the effect of bilateral SPN ablation.
These data may be clinically relevant because the mechanisms mediating several forms of life-threatening ventricular tachycardia involve sympathetic activity induced catecholamine activation of cAMP-dependent protein kinase A, which phosphorylates several key calcium regulatory proteins and increases intracellular calcium. Excessive calcium release during sympathetic activation may generate depolarizing membrane currents, which lead to delayed afterdepolarizations and ventricular arrhythmias (17, 47) . Importantly, left stellate ganglionectomy increases the threshold for ventricular fibrillation (37) and increases ventricular refractoriness (42) . In addition, left stellate ganglionectomy reduces arrhythmic events in highrisks patients with myocardial infarction (43) , young adults with catecholaminergic polymorphic ventricular tachycardia (48) , and individuals with long-QT syndrome who were not protected by full-dose ␤-adrenergic receptor antagonists therapy (36) . Thus sympathetic activity is a critical factor for many forms of life-threatening ventricular tachycardia.
Accordingly, ␤-adrenergic receptor antagonists are the firstline therapy for symptomatic ventricular tachycardia (18, 29) . Similarly, calcium channel antagonists (e.g., verapamil) may be added to the treatment regimen for patients with ventricular tachycardia. However, despite their favorable effects, adverse complications limit compliance to these medications. For example, the Medical Research Council trial (23a) on hypertensive patients documented that, for every myocardial infarction or stroke prevented by ␤-adrenergic receptor antagonists, three patients withdrew from the study secondary to impotence and another seven withdrew because of fatigue (24) .
Targeted, bilateral stellate ganglia injection of SAP may overcome these issues because bilateral stellate ganglia injection of SAP selectively reduces the major source of norepinephrine release to the heart. Importantly, bilateral stellate ganglia injection of SAP is a preganglionic denervation, which suggests that there would be no reinnervation (48) . Furthermore, bilateral stellate ganglia injection of SAP does not completely eliminate catecholamines to the heart, which suggests that postdenervation supersensitivity would be reduced (40) . This procedure may also avoid limitations of medical therapy such as incomplete compliance due to the potential for anhydrosis, Horner's syndrome, and compensatory hyperhidrosis.
It is important to note that thoracic sympathectomy (stellate ganglion ablation) is markedly different form targeted ablation of cardiac sympathetic pre-and postganglionic fibers. Stellectomy ablates fibers passing through the ganglia disrupting afferent signals as well as efferent fibers ascending and descending within the sympathetic chain. For example, fibers traveling to the superior cervical ganglia are disrupted, resulting in Horner's syndrome, and afferent fibers are disrupted, resulting in paraesthesia and the absence of cardiac pain. In this context, rats with bilateral stellate ganglia injections of SAP did not have Horner's syndrome, and neurons within the dorsal root ganglia were not affected (Fig. 6) , suggesting that afferent pathways remained functional. However, additional studies will be required to further characterize this new procedure.
In addition, stellectomy largely prevents norepinephrine release in the heart (27, 34, 37, 49) ; that is, there is no way to grade the level of sympathetic denervation. In sharp contrast, with stellate injections of SAP, it may be possible to adjust the dosage to partially denervate the heart to desirable levels. Finally, this new method provides an additional technique to selectively denervate sympathetic control of the heart, providing options for susceptible individuals.
Conclusion
The results of this study show that CTB-SAP retrogradely transported from the stellate ganglia is effective at ablating SPNs innervating the heart and reducing resting, exercise, and reflex sympathetic activity. Because CTB binds to GM1 ganglioside, CTB-SAP is likely to provide an efficient means of eliminating central neurons that express this molecule in their membranes, including, not only SPNs, but also motor neurons, bulbospinal neurons, and sensory neurons with myelinated axons (19) . Additional studies are required to further characterize the physiological responses to this procedure and determine if this new approach is safe and efficacious for the treatment of conditions associated with excess sympathetic activity (e.g., autonomic dysreflexia, hypertension, heart failure, and ventricular arrhythmias).
